Traditionally, economic analyses of greenhouse gas (GHG) 
INTRODUCTION
Information on the range of options for and costs of abating non-CO 2 greenhouse gases (GHGs) from anthropogenic sources is of primary importance
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for decision-makers to optimize the allocation of resources in support of climate change policies. The objective of this analysis is to provide economic modeling teams with engineering and cost information for non-CO 2 GHG abatement options to incorporate into established climate analysis models. In this paper, the focus is on methane and nitrous oxide mitigation from the waste, industry and energy sectors. However, the methodology presented can be adapted to estimate mitigation costs of other gases from both industrial and agricultural sectors (DeAngelo et al., 2006 , Ottinger et al., 2006 . Methane sources analyzed in this report include: coal mining; natural gas systems; oil production; and solid waste management. Nitrous oxide sources analyzed in this report include adipic and nitric acid production only.
To facilitate its use, the data is presented in both the form of marginal abatement curves (MACs) and in a more disaggregated technology-specific reporting format that provides specific reductions and costs associated with particular technologies. For models able to generate a marginal abatement analysis endogenously using mitigation option data, information in the form of abatement potential and mitigation costs is provided in a database format for each technology. Each methane and nitrous oxide abatement option included in this analysis is characterized by an abatement potential expressed as a percent reduction from baseline emissions and by the associated costs and benefits of achieving a reduction expressed in constant 2000 US dollars per ton of carbon equivalent ($/TCeq). The construction of this data is based on existing engineering-economic studies for the US (USEPA, 2001a (USEPA, , 2001c (USEPA, , 1999 and the EU (EC, 2001 , IEAGHG, 2000 . If not, then this source is not listed under resources) that apply available abatement options (technologies and management practices) to major sources of methane and nitrous oxide from the waste, industry and energy sectors. These studies together with available country or region-specific emissions and economic data are the basis for this new international cost analysis of non-CO 2 GHG abatement. The technologyspecific data was then used to build the MAC curves.
MACs are straightforward, informative tools in policy analyses for evaluating economic impacts of GHG mitigation. A MAC illustrates the amount of reductions possible at various values for a unit reduction of GHG emissions and is derived by rank ordering individual opportunities by cost per unit of emission reduction. Any point along a MAC represents the marginal cost of abating an additional amount of a GHG. The total cost of meeting an absolute emission reduction target can be estimated by taking the integral of a MAC curve from the origin to the target.
For both the MACs and the more technology-specific data set, sets of sector-specific options are applied to each region and the costs and benefits of the options are adjusted for the regional differences in energy and labor costs, and a regional abatement potential. The results vary by region and by source, and by discount rate, tax rate and energy price. The MACs and technology information is presented in full in the complete data set available on the Stanford Energy Modeling Forum web site at http://www.stanford.edu/group/EMF/home/index. htm, see EMF21 Data.
COST ANALYSIS METHODOLOGY
The international estimates of methane and nitrous oxide abatement in this analysis are based on previous studies by the US Environmental Protection Agency (USEPA), the International Energy Agency Greenhouse Gas R&D Programme (IEAGHG), and the European Commission (EC). The USEPA published several studies detailing the reduction potential and costs of mitigation technologies, including estimates for sector-specific marginal abatement costs for methane (USEPA, 2001a (USEPA, , 1999 and nitrous oxide (USEPA, 2001c ). An analysis conducted by the IEAGHG evaluated technologies and costs of methane and nitrous oxide reductions for the major developed regions (IEAGHG, 2000) and one study by the EC evaluated technologies and costs for non-CO 2 GHGs in the EU-15 countries (EC, 2001 ). The US, IEAGHG and EU studies provide estimates of potential non-CO 2 GHG emission reductions from major emitting sectors and the technical characteristics of the mitigation options used in the analysis, and quantifies the costs and benefits of these mitigation options.
The EC and IEAGHG analyses primarily are based on evaluating the abatement potential options and associated costs at representative facilities or point sources of emissions, e.g., waste digesters, and then extrapolating the results to a country or region. USEPA's US analysis (USEPA 1999 (USEPA , 2001a (USEPA , 2001c ) also uses representative facility estimates but applies them to a highly disaggregated and detailed set of emissions sources for all major sectors and sub-sectors. This approach is possible primarily due to the availability of more detailed data in the US. This more detailed approach also results in a marginal abatement cost curve with more data points for the US, i.e., additional abatement cost calculations per sector. For example, the US analysis of the natural gas sector is based on emission factors for over 100 sources for that industry, including gas well equipment, pipeline compressors and equipment, and system upsets. The EC analysis provides a sector-average cost for individual abatement options at the country or EU-15 regional level, which can be applied to published sector-level emissions data. The US cost information is firm specific and can not be applied to most countries because of limited data availability. The US cost information is therefore aggregated to the sector level in order to apply the information to subsector or sector level emissions data. For this international analysis, the average approach was adopted. The use of average costs and benefits facilitates the use of national, aggregated emissions estimates, since data on detailed source-specific emissions is limited. This allows for a consistent methodology throughout the analysis for all regions. The average EU and US abatement costs and benefits for a variety of abatement options are then combined to build a set of options. This new combined set of abatement options is applied to all defined regions in the study, including the US and the EU, as well as for regions where data and detailed analyses are not available. It should be noted that mitigation estimates from this "average" approach are more conservative than those reported in the more detailed US reports, both in terms of costs and potential reductions, shifting the curve upward due to higher costs and towards the left due to less abatement potential (See Figure 2) . However, due to the addition of technologies not considered in the original US reports, at higher cost levels, the curve shifts to the right compared to the more detailed methodology due at higher prices to the inclusion of more mitigation options.
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Abatement Options
The analysis starts by establishing a list of abatement options for each gas by source category (e.g. coal mining, natural gas) from previous engineering and economic studies (USEPA 1999 (USEPA , 2001a (USEPA , 2001c IEAGHG, 2000; EC, 2001) . Abatement options for methane and nitrous oxide emissions from energy, waste and industry are well established. Because methane is the major component of natural gas, many natural gas technologies apply to the major, non-agriculture-related emissions of methane. Nitrous oxide reductions can be reduced from industry by technologies related to NOx emission reductions developed due to clean air regulations. Each abatement technology is applied to a region's emission projection baseline based on expert analysis of whether a specific option is appropriate for that region's infrastructure and economic conditions. The selective omission of options represents a 'static' view of the region's socio-economic conditions. Ideally, more detailed information on country-specific conditions, technologies and experiences will be available in the future, which will enable more rigorous analyses of abatement potential in other regions. If a technology is considered appropriate for a specific region in the given time frame, the option is applied to the baseline emissions of the appropriate sector (e.g. natural gas sector) or subsector (e.g. transmission and distribution of natural gas, processing of natural gas). Reductions are based on the reduction efficiency of the mitigation technology and the applicability of the technology to the sector or sub-sector specific emissions.
Methane abatement options generally capture methane and use it as energy, flare the methane or avoid methane releases. Nitrous oxide abatement technologies for industry reduce the nitrous oxide to nitrogen and oxygen. Specific abatement options vary by sector. For a complete list and short description of each technology, please see the technology tables listed on the EMF website at http:// www.stanford.edu/group/EMF/home/index.htm.
Methane Abatement Options for Solid Waste Emissions
Landfill gas contains about 50 percent methane and can be collected by vertical wells and horizontal trenches after the section or cell of the landfill has been closed. Once the landfill methane is collected it can be used in a number of ways, including on-site electricity generation (sold to the electric grid), direct gas use (e.g. used near by industrial boilers) or flared. Methane can also be prevented from escaping from the landfill through improved landfill caps (clay or other cover soils). Waste streams can also be diverted from landfills and composted or utilized in a bio-reactor to create energy.
Methane Abatement Options for Natural Gas Sector Emissions
Reductions in the natural gas sector come from reducing leakage in the system. There are over a hundred documented techniques to reduce leakage during each stage. In this analysis, these options are grouped into 33 equipment or management practices. Management practices involve increased maintenance and inspection at various points in the natural gas system. Equipment options include installing more efficient pipes and seals in the system, and installing low-bleed pneumatic devices, installing more efficient compressors and chemical injection pumps, installing catalytic converters which more efficiently combust methane, reducing circulation rates in glycol dehydrators, and reduced venting.
Methane Abatement Options for Coal Mining Emissions
Coal mines already employ a range of technologies for draining methane from coal seams. These methods have been developed primarily for safety reasons, as a supplement to ventilation systems. However, degasification systems are generally used to vent methane emissions into the atmosphere. Additional measures are needed to capture and use methane liberated from the coal seam. Methane abatement options can be applied to either methane recovered from desgasification systems, which can be used in natural gas pipeline injection or as onsite electricity generation, or applied to methane captured in the ventilation system which can be catalytically oxidized and used to generate onsite electricity.
Methane Abatement Options for Oil Extraction Emissions
In oil extraction, methane is released from the oil well during drilling. The methane released can be flared, captured and used for electricity or turned into liquefied natural gas. The costs of the options vary widely depending on whether or not the drilling is onshore or offshore.
Nitrous Oxide Abatement Options for Adipic Acid Production Emissions
The only adipic acid production option considered in this analysis is thermal destruction. Thermal destruction eliminates 96 percent of the nitrous oxide from the process by destroying the off-gases released from the boiler in flame burners.
Nitrous Oxide Abatement Options for Nitric Acid Production Emissions
Nitrous oxide from nitric acid production can be destroyed through either high temperature or low temperature catalytic reduction methods or a nonselective catalytic reduction method. Each method, seven in all, uses different catalysts to reduce nitrous oxide to nitrogen and oxygen. On average, these methods reduce nitrous oxide emissions by 89 percent.
Application of Mitigation Options to Emission Stream
Current and projected methane and nitrous oxide emission estimates to 2020 in this report are obtained primarily from referenced documents (Scheehle and Kruger, 2006) and represent the business-as-usual or no climate policy baseline. Baselines for methane and nitrous oxide are sector specific and in some cases sub-sector specific depending on the portion of the emission stream that corresponds to the abatement technology. For example, coal mine degasification systems can only be applied to underground mines; therefore, the coal sector emissions are divided into underground and surface mining emissions.
Although the methane and nitrous oxide emissions data are from published sources, little or no data are available on options that are currently implemented. For the purpose of this analysis, due to the lack of more specific information on market potential, the majority of options were given an equal market potential across all options. Overlapping projects and non-overlapping projects are treated differently in the analysis. Overlapping options are defined as options where only one option could be applied to the same source of emissions. For example, it is assumed that a landfill will choose either a direct gas use project or an electricity project, but could not implement both. Each of the n overlapping options is applicable to 1/n of the total emissions, which assumes a uniform distribution of options competing to reduce emissions, notwithstanding their net costs or other factors. This assumption reflects the lack of region-specific data for determining the relative level of diffusion of overlapping options, which can be used as alternatives to abate the same emission stream.
The applicability of non-overlapping options is assumed to be equal to 100 percent. An example of two non-overlapping options in the natural gas system are (1) inspection and maintenance of compressors, and (2) replacement of distribution pipes. These options are applied independently to different parts of the sector and do not "compete" for the same emission stream. This estimate represents the market potential each option has in a given region. In summary, the market potential is 1/n for overlapping options or 100 percent for non-overlapping options.
Once the emission stream available for reduction is disaggregated into subsector estimates and divided among overlapping or non-overlapping technologies, the reductions calculated are based on the reduction efficiency of the technology. For example, if eight landfill mitigation technologies are applicable to a region and can be applied to the entire landfill sector emission stream, each of the eight technologies is given a market potential of 12.5 percent. The reduction efficiency of a technology is the ability of the technology itself to reduce methane or nitrous oxide from the source. To continue with the landfill example, a direct gas use project can reduce on average the emissions from a landfill by 75 percent. Therefore, the emission reductions is estimated by multiplying the landfill sector baseline emissions by 12.5 percent representing the market potential of each of the eight competing options, and then by 75 percent representing the actual reductions from a direct gas use project. This calculation yields the emissions reduced in a given country by direct gas use projects in the marginal abatement analysis.
Indirect Greenhouse Gas Emission Reductions
For methane and nitrous oxide, this analysis does not account for indirect emission reductions, which can result from either the substitution of electricity from the grid with electricity produced on-site from recovered methane or the substitution of natural gas in pipelines with recovered methane. Calculation of such indirect reductions requires additional assumptions about the carbon intensity of electricity in different regions. In the US landfill sector, indirect reductions generally augment emission reductions by about 15 percent. For nitrous oxide, reductions do not include potential benefits in NOx reductions from the abatement technologies.
Economic Characteristics of Abatement Options
Each abatement option is characterized in terms of its costs and benefits per an abated ton of methane or nitrous oxide, then converted into metric ton of carbon equivalent (MtCeq) and carbon dioxide equivalent (MtCO 2 eq). To convert from N 2 O and CH 4 to MtCO 2 eq, the 100-year Global Warming Potentials (GWPs) from the 1996 IPCC Second Assessment Report are used. According to the report, the GWP for N 2 O and CH4 is 310 and 21, respectively. To convert to MtCeq , the data is then converted from MtCO 2 eq by multiplying by (12/44). The GWPs from the IPCC Third Assessment Report (2001) are not used because international GHG reporting guidelines are still based on the Second Assessment Report.
All costs and revenues are reported in 2000 USD. Costs include capital or one-time costs (κ) and operation and maintenance costs (µ). Furthermore, some one-time costs (where data are available) are subdivided into labor and equipment components. Benefits or revenues from employing an abatement option include: (1) the value of methane either as natural gas or electricity/heat; and (2) the value of abating a GHG in terms of $/TCeq or $/metric ton of GHG. In most cases, two price signals exist for the abatement of methane: one based on their market value as energy or an industrial gas and one based on their value as a GHG.
In Figure 3 , the commodity/energy market price is aligned to $0/TCeq since this price represents the point at which where no additional price signals exist from GHG credits to motivate emission reductions; all emission reductions are due to increased energy efficiencies, conservation of production materials, or both. As a value is placed on GHG reductions in terms of $/TCeq, these values are added to the commodity/energy market prices and allow for additional emissions reductions to clear the market. The "below-the-line" amounts, with respect to $/TCeq, illustrate this dual price-signal market.
The equipment component of fixed costs is the same for all the regions. However, costs of abatement options are adjusted based on regional labor costs. Since labor costs compose the majority of operation and maintenance (O&M) costs, they are used as a proxy to adjust O&M costs across regions as well as the labor component of the capital cost for some sectors. Specifically, O&M costs for each region are estimated based on a ratio between the average regional labor cost in manufacturing in that region and in the United States or European Union for US-based options or EU-based options, respectively. Regional labor costs in manufacturing are taken from World Bank data (2000) . Benefits expressed as energy cost savings are adjusted based on regional energy costs (EIA, 2002) . For methane, revenues are scaled based on the ratio between average prices of natural gas (when methane is abated and sold as natural gas) or of electricity (when methane is used to generate electricity or heat) in a given region and either the US or the EU.
Present Value Calculation
A present value analysis of each option is used to determine break-even abatement cost of an option in a given region. The analysis solves for ρ in the following equation:
PV (Benefits) = PV (Costs) or more specifically,
where: ρ is the break even price of the option in $/TCeq or $/metric ton of GHG; ε is the emissions reduction achieved by the technology; ψ is the revenue generated from energy production (scaled based on regional energy prices) or sales of byproducts of abatement (e.g., compost); Τ is the option lifetime; γ is the selected discount rate; κ is the capital cost of the option; µ is the recurring (O&M) cost of the option (scaled based on regional labor costs); β is the tax break equal to κ/Τ * χ; and χ is the tax rate. All costs and benefits are expressed in constant 2000 USD. The conversion of EU costs, which were initially expressed in 1990 Euros (in the EC report), is conducted using appropriate inflation and exchange rates.
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Figure 3. Illustrative Non-CO 2 Marginal Abatement Curve
RESULTS
The main objective of this analysis is to evaluate the international potential and costs of non-CO 2 greenhouse gas abatement. The results cover the major emitting regions and the major sources of non-agricultural related sources of methane and nitrous oxide. The figures below illustrate the results. The full data set is available on the Stanford Energy Modeling Forum web site at http:// www.stanford.edu/group/EMF/home/index.htm, see EMF21 Data. Table 1 above is an example of the data available by technology by region. For each technology, the capital costs, O&M costs, energy revenue, reduction potential and the break even prices by discount rate and tax rate are presented in a tabular form for use in technology-rich models. In addition, each table has a short description of the technology and is categorized by sector and subsector.
Building on the above data shown in Table 1 , the MAC curves are calculated and presented in tabular form by region, year and discount and tax rate combinations. Below are the global potential reductions at $200/TCeq in 2020 at a 20 percent discount rate and a 40 percent tax rate. At $200/TCeq, using current technologies, global emissions of methane from natural gas, oil, coal and solid waste can be reduced by 50 percent on average.
Adipic and nitric acid production only occurs in a few of the countries analyzed. However, in the countries were it occurs, current technology can reduce nitrous oxide emissions by 96 percent in the adipic acid production sector and by 89 percent in the nitric acid production sector. This analysis, however, does not reflect changes (either increases or decreases) in NOx emissions associated with the adoption of these technologies.
Regional Results by Sector
The countries or regions with the highest emission rates generally have the highest reduction potentials as few countries have implemented mandatory reduction measures outside of the solid waste sector. The cost of reducing emissions varies by sector and by region based on available mitigation options, cost of labor, and revenue potential of recovered energy.
Natural Gas Sector
The natural gas sector has the highest potential reductions in 2020 of any of the sectors analyzed in this analysis, with the top five emitting countries making up approximately 67% of the potential reductions. Of the 206 MtCeq of potential reductions from natural gas, Russia has the largest portion of those reductions at 39 MtCeq. The Middle East region, which includes the major OPEC countries, has the second largest reduction potential with a potential of 38 MtCeq in 2020. The Latin America region, which includes Venezuela, is third with 28 MtCeq. The US is ranked fourth and Commonwealth of Independent States (CIS) is ranked fifth with 22 MtCeq and 12 MtCeq of potential reductions, respectively. Many low-cost or "no-regrets" options exist in the natural gas sector. For example, reducing glycol circulation rates in compressors in order to reduce the methane absorbed by the glycol and vented or cleaning compressors while turbines are still running instead of shutting them down and venting the gas. Changes in maintenance practices are cost effective ways of reducing methane, making the total cost of reductions in this sector low. 
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Solid Waste Sector
Emission projections from the solid waste sector are generally tied to population and population growth. Not surprisingly, the region with the largest potential reductions in the solid waste sector is China with the potential to reduce emissions by 28 MtCeq in 2020. The US has the second largest reduction potential, with 25 MtCeq in potential reductions, followed by Africa with 13 MtCeq in potential reductions. EU15 region is ranked seventh in the list because of the regions efforts in reducing waste placed in landfills.
The lowest cost options for the solid waste sector are those options that sell electricity or landfill gas rather than techniques such as composting or flaring. The revenue from selling the energy considerably reduces the cost of the mitigation project.
Coal Sector
Approximately 60 percent of projected 2020 methane emissions from underground coal mining are from China and the US. Because of this, the majority of potential reductions also comes from these two countries. Total potential reductions from the coal sector are 129 MtCeq. Potential reductions from the Chinese and US coal sector are estimated to be 64 MtCeq in 2020 and 17 MtCeq, respectively. The majority of reductions in China are assumed to come from the catalytic oxidation of ventilation air methane. In the US, reductions are spread among degasifacation before mining and catalytic oxidation of methane in the ventilation air.
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Oil Sector
The oil sector is the smallest source of methane emissions analyzed in this study, with only 8 MtCeq of potential reductions from the sector. The Middle East, Mexico, Canada, and the US are the regions with the most potential 
Adipic and Nitric Acid Production
Few countries have significant emissions of nitrous oxide from adipic and nitric acid production. There are 48 MtCeq in potential reductions world wide, with approximately 30 MtCeq coming from the nitric acid production sector. The largest emissions come from EU15, US, and China. At approximately $5/TCE, the majority of nitrous oxide mitigation options for these two sectors become profitable.
Sensitivities and Time Factor
The marginal abatement cost curves shift outwards between 2010 and 2020. This is due to the increase in the emissions baseline over time and not due to technical change. The analysis does not account for the technological change in such characteristics as the availability, reduction efficiency, applicability, and costs of reduction options. For example, the same sets of options are applied in 2010 and 2020 and an option's parameters are not changed over its lifetime. This current limitation likely underestimates abatement potential in later years because technologies generally improve over time and costs decrease. The introduction of a dynamic approach to assessing regional abatement potentials requires additional assumptions about rates of technological progress and the degree of implementation of options in the baseline projections. Recently, Gallaher and Delhotal (2005) used this analysis as a basis for estimating technical change in the coal, natural gas, and landfill gas sectors. This approach addresses some of the limitations outlined here.
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Results of Discounting and Tax Rate Options
The analysis is conducted for the following combinations of discount and tax rates, respectively: from a social perspective -4 and 0 percent; 5 and 0 percent; 10 and 0 percent; and from various industry perspectives -10 and 40 percent, 15 and 40 percent, and 20 and 40 percent. These scenarios allow modeling teams to choose the appropriate discount and tax rate for their policy analysis. As expected, the MACs shift to the left as the discount rate and tax rate increases (See Figure 4) .
Results of Energy Price Changes
Because of the high sensitivity to energy prices, this analysis tests the methane MACs sensitivity to changes in base energy price (from -50% to +200%), both for electricity and natural gas. A detailed list of country-specific energy prices is included in the complete data set.
As is shown in Figure 5 , the marginal abatement curves are more sensitive to the energy price when energy revenues are relatively high compared to the cost of the mitigation option. As the cost of the option increases, energy prices are less relevant.
CONCLUSIONS
Traditionally, economic analyses of GHG mitigation focused on CO 2 emissions from energy sources for two reasons: first, they are the largest single source of GHG emissions; and second, reliable global data on the costs and abatement potential of the non-CO 2 greenhouse gases did not exist. This analysis builds on the US and EU specific analyses to develop a framework to estimate costs and abatement potential for non-CO 2 greenhouse gases by gas, by emitting sector, and by country or region.
The analytical framework used in this study is flexible enough to incorporate the latest baseline estimates, changes in costs and abatement potential over time, introduction of new technologies, addition of new sectors, and regional differences in all the characteristics of abatement options. Currently, the framework is being adapted to incorporate estimates of technical change, both in terms of increased engineering efficiency and reduced costs over time. As more information becomes available, this information can be easily incorporated into the framework creating more refined estimates. A much greater use of data originating from local experts and organizations is recommended for the followup research of non-CO 2 GHG abatement in countries outside the US and EU. 
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